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In  this  study,  the  &tigue  behavior  of  the  SiC-MAS5  cross-ply  composite 
was  investigated  at  elev'ated  temperatures  with  loading  wav  e-forms  combining  the 
characteristics  of  high  cycle  fatigue  and  stress  rupture.  Publislied  test  data,  two 
stress  levels,  and  two  temperatures  were  used  to  characterize  this  behavior.  A 
series  ofte.sts  were  conducted  to  assess  the  fatigue  Hfc  as  a  function  of  wave-form 
characteristic,  tcn:q)erature,  and  stress  level.  In  addition,  the  mechanisms  that 
control  the  fatigue  life  under  these  different  conditions  were  investigated. 
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A  study  carried  out  to  invcsiigate  the  behavior  of  the  SiC-MAS5, 
cross  ply,  [0/9(  ]!(.  ccrarnic  matrix  composite  s^ben  subjected  to  fatigue  Avith 
bading  wave>fbmi.s  that  combine  the  characteristics  of  stress  rupture  and  high 
cycle  hitigue.  All  tests  were  conducted  under  load  control  using  four  loading 
wave-forms,  two  elevated  temperatures,  and  two  stress  levels. 

All  loading  wave-forms  were  triangular  with  the  combined  bading  and 
unloading  lates  of  one  hertz.  Four  hold  times  were  applied  at  maximum  load;  0, 
1,10,  and  100  seconds,  b  order  that  the  remits  from  this  study  be  compared  ro 
the  previous  study,  566  and  1093X  were  chosen  as  the  test  temperatures. 

Published  elev'ated  temperature  tensile  te.st  data  from  the  previous  studies 
were  used  to  select  the  two  «trcss  levels.  TTic  first.  103  MPa,  was  selected  to 
represent  a  stress  lev'el  slightly  beyond  the  linear  region  of  the  monotonic  stress- 
strain  curve.  The  second,  138  MPa,  was  chosen  as  the  representatKe  of  stress  in 
the  region  of  non-linearity  of  the  monotonic  stress-strain  curve.  These  stress  levels 
were  chosen  in  order  to  introduce  different  levels  of  initial  damage  during  the  first 
fatigue  t^cle.  Alltestsvseredoneatthestressratio,  R(nw,.n/(Tmrc)of  0.1. 

Ihe  test  results  were  compiled  in  the  form  of  S-N  (stress  versus  cycles  to 
fiiilure),  S-T  (stress  versus  exposure  time  wliich  was  computed  as  the  cycle 
duration  multiplied  by  the  number  of  cycles  at  failure),  S-S^T  (stress  versus  stress¬ 
time  parameter  which  was  confuted  as  the  area  under  the  cyxiic  loading  curve 
multiplied  by  the  number  of  cycles  at  failure),  modulus  degradation,  variation  of 


ctram,  and  characteristics  of  the  stress-strain  relationships  during  cycling.  From 
the  bdiavior  demonstrated  by  these  curtes,  relationsliips  between  the  different 
effects  of  the  loading  wave-form  on  the  fatioue  behavior  of  the  tested  ceramic 
matrix  composite  were  developed.  In  addition,  a  post-mortem  SEM  analysis  of 
the  ffactured  Mirfaces  of  all  ^ecimens  were  conducted  to  a.s.scs.s  the  fetigue 
damage  mechanisms. 

It  was  found  that  the  S-N  data  followed  the  trend  that  as  the  hold  time, 
temperature,  or  stress  increased  with  all  other  factors  consis^nt,  the  number  of 
c>-cles  to  failure  decreased.  In  addition,  a  normalization  was  applied  to  reflect  the 
amount  of  time  the  material  was  exposed  to  the  elevated  temperature  envirotunent 
under  stress,  and  the  applkation  of  this  normalization  technique  revealed  that  the 
life  expectancy  of  the  material  depended  on  a  synergistic  combination  of  oxidation 
due  to  temperature  and  cyclic  fatigue-both  contributed  to  varying  degrees 
depending  on  the  temperature  and  stress. 


FATIGUE  BEHAVIOR  OF  A  CROSS  PLY 
CERAMIC  MATRIX  COMPOSITE  SUBJECTED  TO 
TENSION-TENSION  CYCLING  WITH  HOLD  TIME 

I.  Introduction 


A.  Background 

Ceramic  matrix  compuaites  (CMCs)  have  applications  in  high  temperature 
structures  where  metallic  materials  arc  undesirable  due  to  creep  or  oxidation. 


Because  of  these  limitations,  the  use  of  CMCs  iS  on  the  rise  in  appiicatious  such 


as  protective  covcrings/coatings  (e.g.  the  protective  tiles  on  the  space  shutt’e)  and 
extreme  temperature  structures  (c.g.  turboiTiachinery  hot  section  coniponcnts). 

Monolithic  ceramic  materials  all  share  one  comiuon  disauvantage-tbe 
inability  to  tolerate  flaws  due  to  manufacturing  or  service  hazards.  Under  high 
performance  conditions,  these  flaws  can  cause  stress  concentrations  that  develop 
into  cracks  which  propagate  through  the  strjctax  tventuaily  causing  catastrophic 
failure.  The  development  of  CMCs  has  helped  to  reduce  the  danger  of  fatlure  due 
to  flaws  and  increased  the  tolerance  of  ccnnnic  structures  to  flaw  related  damage. 

CMC  matcrial.s  tend  to  be  more  resistant  to  failure  than  monolithic 
ceramics  due  to  the  addition  of  ceramic  fibers.  These  fibers  arrest  Lhc  propagation 
of  cracks  through  the  matri.x  for  two  reason.*.  First,  the  fibers  apply  a  force 
opposite  to  the  direction  of  crack  opening.  This  tends  to  relieve  the  stress  at  the 

I  - 


anaoooA  i  o 


crack  tip  stopping  the  propagation  through  the  matrix.  Second,  the  fiber  provides 
a  physical  barrier  that  arrests  the  crack  propagation  until  the  stress  at  the  crack  tip 
becomes  great  enough  to  change  the  direction  of  propagation  through  the  matrix. 
Unlike  other  composite  materials  such  as  fiber  reinforced  polymeric  composites 
(PMCs),  CMCs  do  not  derive  the  majority  of  their  strength  from  the  fibers.  In 
PMCs,  the  fibers  have  a  modulus  of  elasticity  that  exceeds  that  of  the  matrix  by  a 
factor  of  ten  (IJ.  In  CMCs,  the  modulus  of  the  fibers  and  matrix  are  of  the  same 
order.  The  addition  of  fibers  give  CMCs  the  toughness  that  monolitliic  ceramics 
lack. 

The  critical  nature  of  the  application  of  tliese  advanced  materials  makes 
complete  characterization  a  must.  TTie  designers  must  have  information 
pertaining  to  not  only  the  strength  of  the  materia],  but  also  its  fatigue  and 
toughness  characteristics.  Since  CMCs  have  applications  typically  in  the 
aerospace  industry,  these  characteristics  arc  especially  impertant  due  to  the  severe 
operating  environments  encountered  and  lower  safety  factors  imposed  by  wergm 
considerations.  Typically,  the  tests  performed  arc  monotonic  loading,  c>’ciic 
fatigue,  and  stress  rupture  at  a  variety  of  temperatures  and'er  atmospheric 
conditions.  With  few  exceptions,  these  tc.sts  arc  conducted  independently.  But 
these  do  not  accurately  represent  the  loading  conditions  encountered  bj'  an  aircraft 
component.  For  example,  a  wing  spar  will  encounter  stress-rupture  type  loading 
throughout  the  flight  due  to  the  weight  of  the  airframe  il  is  supporJng.  It  will 
encounter  cyclic  fatigue  loading  due  to  the  mechanical  vibrations  from  the  engines 
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and  aerodynamic  forces.  The  temperature  will  change  dramatically  with  changes 
in  altitude  and  flight  mach  number.  But  the  airframe  as  a  whole  will  not  suffer 
any  of  these  stresses  independently-there  will  always  be  some  combination  of 
these  stresses  acting  on  it  at  any  time.  Thus,  an  important  addition  to  the  typical 
types  of  material  tests  is  one  where  the  different  types  of  loading  are  combined. 

It  is  possible  that  the  cumulative  damage  caused  to  a  component  under  a 
period  of  service  is  some  combination  of  mechanisms  caused  by  the  environment 
(temperature),  cyclic  fatigue,  and  stress  rupture.  In  the  case  of  a  linear 
combination,  it  can  be  expressed  as  the  following: 

I>,«De+D^^D,.  (1) 

where  Dr  is  the  total  damage,  De  is  the  damage  caused  by  the  environnient,  Df  is 
the  damage  due  to  cyclic  fatigue,  and  D,  Is  the  damage  due  to  stresa  ntprurc.  The 
long  term  goal  of  this  study  is  to  e.stabjish  such  relationships.  Kc«GVcr,  as  a  first 
step  in  this  direction,  the  study  with  the  following  objective  was  conducted. 

B.  Problem  Statement/Scope 

This  objective  was  to  investigate  the  rclation.ship  berween  the  effects  of 
temperature  and  combined  .strcss-rjpturc.'high  c}'clc  fatigue  loading  on  Lhc  fatigue 
life  of  the  silicon  fiber  (Nicalon)  reinforced  magnesium  alummo-silicate  (MAS5) 
CMC. 
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To  achieve  the  stated  objective,  a  test  program  was  designed.  This 
involved  fatigue  tests  with  a  triangular  wave-form  with  and  without  hold  time  at 
maximum  load  and  elevated  temperatures.  All  tests  were  conducted  under  load 
control  on  an  MTS  servohydraulic  te.st  machine  under  load  control  mode.  Two 
elevated  temperatures,  two  stress  levels,  and  four  loading  wave-forms  were  used 
giving  a  total  of  sixteen  tests.  The  two  stress  levels  were  chosen  based  on  the 
published  monotonic  tensile  and  fatigue  loading  data  from  the  previous  studies 
and  these  were  103  and  138  MPa.  The  103  MPa  stress  level  is  about  20  MPa 
above  the  fatigue  limit  at  566®C  [2],  and  the  138  MPa  stress  level  is  about  66%  of 
the  tensile  strength  of  the  material  [3].  Together,  these  stress  levels  represent  the 
region  just  beyond  linearity,  and  the  region  well  into  the  non-linear  range, 
respectively  on  the  monotonic  stress  strain  relationship.  Hence,  they  introduced 
different  levels  of  initial  damage.  The  elevated  temperatuicS  of  566  and  1093 
Celsius  were  cho.sen  to  correspond  with  previous  Suidies  [2,3]  of  this  inaterial  is 
order  to  allow  for  comparisons  and  to  some  extent  provide  the  venfiestion.  The 
loading  rate  for  all  wave-fonns  was  1  Hz  with  hold  times  of  0,  1,  10,  and  100 
aoconds.  The  bold  always  occurred  at  maximum  load  level,  and  this  allowed  for 
varying  proportions  of  stress  rupture  versus  cyclic  fatigue  components  in  the 
loading.  Figure  1  contains  an  illu.stration  of  the  loading  wavc'forms  used  during 
the  study. 
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During  each  test,  various  data  were  acquired  periodically  and  these  were 
load  versus  displacement  (later  converted  to  stress  versus  strain  via  the  BASIC 
program  listed  in  the  Appendix),  secant  modulus,  hysteretic  loop  energy,  and 
inaximum/minimum  strain.  The  frequency  of  data  acquisition  wa.^  at  first  ba.sed 
on  fatigue  life  estimates  and  later  based  on  the  fatigue  life  trends.  The  result  was, 
ideally,  20-50  data  sets  per  specimen  test.  Data  were  graphically  presented  based 
on  the  normalized  life  and/or  the  number  of  cycles,  where  appropriate. 

Different  fatigue  life  diagram.^,  i,e.  the  number  of  cycles  to  failure  at  a 
particular  stress  (S-N  curve),  the  time  exposure  to  the  high  temperatuic 
environment  under  a  stress  (S-T  curve),  and  a  parameter  showing  the  comuineu 


effect  of  stress  and  time  under  a  stress  (S-S*T  curve,  where  S*T  was  the  area 
under  the  cycling  loading  curve  multiplied  by  the  number  of  cycles  at  failure), 
were  made  to  study  the  fatigue  behavior  of  the  material. 

The  degradation  of  the  material  due  to  fatigue  were  investigated  from  the 
plots  of  normalized  modulus  degradation,  loop  hysteretic  energy,  Stress-strain,  and 
maximum/minimum  strain  versus  the  number  of  cycles  or  normalized  life. 
Trends  from  these  plots  were  compared  to  the  results  of  the  S-N,  S-T,  and  S-S*T 
curves  and  the  results  of  these  macroscopic  comparisons  were  used  to  form  a 
hypothc.sis  on  the  controlling  phenomena  on  the  microscopic  level. 

Finally,  a  post-mortem  microscopic  anaiy.SiS  was  conducted  with  the  SEm 
and  optical  microscope  on  each  failed  speciinen  to  idcutify  the  ccntrclliug  damsge 
mechanism  and  how  it  vanes  for  different  test  ccuditions.  These  cbsePySuCns, 
along  with  the  aforementioned  data  curves,  iCmiCu  A  ccrnpiCtw  picture  Oi  uic 
fatigue  behavior  of  the  composite  and  the  vaiawd  uivChaniSiiiS  that  centrihute  tc 
the  demise  of  the  material  under  the  condition  of  combined  cycling  and  stress 
rupture  loading. 


The  NicaIon-MAS5  ceramic  matrix  composite  is  representative  of 
an  emerging  class  of  high  temperature  materials  used  in  aggressive  environments. 
The  high  temperature  performance  of  this  material  has  been  improved  with  the 
addition  of  potassium  borosilicate  glass  (BSG)  as  a  second  phase  glass  modifier. 
The  boron  in  the  BSG  dopant  diffuses  into  the  MASS  matrix  and  the  SiC  fibers 
during  the  manufacturing  process  and  prevents  oxygen  embrittlement  of  the 
fiber/matrix  interface— a  condition  that  plagues  conventional  CMCs.  The  process 
of  embrittlement  begins  with  microcracks  that  form  in  the  matrix  upon  initial 
loading.  The.se  cracks  allow  oxygen  to  infiluate  the  material,  oxiuiZing  the  fibers 


and  the  carbon  interface  between  the  matnx  and  the  fibers  causing  the  strength  of 


the  interfacial  bond  to  increase.  This  is  undesiruble  frem  the  stanupcint  that  a 


weak  interfacial  bond  that  allows  some  fiiciicntu  slidiu^,  IS  u  ncccssuTy  feature  of  * 


**tou^h  ’  ONTO*  The  hond  strength  of  the  interface  Cuia  (oird  ut  eleVuted 
ccroperanircs  in  oxidizing  envirenments)  tncrCuSe  tc  a  point  where  matrix  craclcs 
simply  propagate  through  the  fibers.  In  short,  the  materia]  begins  to  more  like  a 


monolithic  ceramic  [4]. 


The  vast  majority  of  testing  of  this  a.nd  other  like  materials  has  been 
limited  to  raonotonic  tensile,  high  cycle  fatigue,  and  sfjcss  mpturc.  Tc.stmg  under 
the  condition  of  combined  loading  has  not  been  accomplished.  But  these  tests  are 
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important  for  two  reasons.  First,  it  is  a  more  realistic  representation  of  the  type  of 
loading  the  material  will  expect  in  ser\'ice.  Second,  combined  loading  (ends  to  be 
a  more  demanding  condition  to  place  on  the  material  and  in  a  sen.se,  represents  a 
worst-case  scenario-desirable  from  the  standpoint  of  conservative  design 


practice. 

Larsen  (3J  looked  at  the  behavior  of  cross  ply  Nicalon-MAS5  at  various 
levels  of  BSG  doping  at  both  566  and  1093  **C  under  conditions  of  both  stepped 
and  constant  stress  rupture  loading.  At  the  lower  temperature,  it  was  found  that 
the  yk  BSG  doped  material  achieved  200  hour  run-out  at  13S  K^IPa  where  it  was 
subsequently  loaded  to  failure,  which  occurred  at  approximately  165  MPa.  Tne 
stepped  stress  rupture  tests  resulted  in  approximately  the  same  failure  stress.  For 
comparison,  monotonic  tensile  failure  occurred  at  approximately  262  MPa.  At 
the  higher  temperature,  200  hour  run-out  was  achieved  with  the  Svv  BSG  material 
at  a  stress  of  1 17  MPa  where,  upon  rapid  uplcad  tc  fatlitrc,  the  test  was  tenninated 
at  a  stress  of  165  MPa.  Monotonic  tensile  failure  occurred  at  234  MPa.  These 
results  repre.sented  a  minor  increase  in  durability  over  Lhe  un-doped  materials  at 
566"C  and  a  significant  increase  at  the  higher  temperature  where  the  effects  of  the 
oxygen  environment  are  more  pronounced.  The  fruCrurw  uCTiiCnstrittCu 

brittle  behavior  at  the  edges  with  increased  fiber  puIJout  m  ether  uTCmS. 

Wothem  [2J  examined  the  ihcrraomechaaical  fatigue  (TMF)  properties  of 
several  ceramic  matrix  compo-sites,  including  cross-ply  Nica!on-MAS5.  It  was 
found  that  the  fatigue  life  of  the  material  decreased  signif!ca.nt!y  when  the  TMF 


was  out  of  phase  as  compared  to  the  in  phase  behavior.  In  addition,  the  uni¬ 
directional  Nicalon-MAS5  specimens  tested  exhibited  twice  the  fatigue  life  at  a 
given  loading  condition  implying  the  failure  of  the  material  was  dominated  by  the 
fibers.  Post-mortem  analysis  of  ^hc  fracture  .surfaces  showed  brittle  behavior  at 
the  edges  with  fiber  pullout  increasing  toward  the  center.  The  area  of  brittle 
fracture  increased  with  the  out  of  phase  TMF  showing  an  increased  effect  of  the 
environment  or  oxygen  embrittle  ent.  This  brittle  behavior  at  high  temperatures 
was  also  experienced  with  the  N  iIon-CAS  material  tested  by  Allen  [5]. 

Headinger  [6,7J  tested  an  enhanced  SiC-SiC  material  at  IKXTC  using 
three  different  wave-forms:  triangular  with  a  frequency  of  0.5  hertz,  trapezoidal 
with  a  loading  frequency  of  0.5  hcriz  with  hold  UiTiCS  of  two  and  four  seconds.  Tt 
WAS  discovered  that  the  fatigue  life  of  the  materia!  was  inversely  related  to  the 
bold  time  of  the  wave-form.  Also,  the  time  at  maxinium  stress  w'as  applied  as  a 
normalization  to  the  data.  This  tended  to  collapse  the  data  to  one  curve  mdicating 
that  the  fatigue  life  is  a  strong  function  of  the  time  at  maAimum  stress. 


The  Nicalon-MAS5  [2,3,10],  Nicalcn  CAS  [5,8]  and  SiC-SiC  [6.7] 
systems  are  ail  high  temperature  CMCs  that  have  a  history'  of  stress  mptare  and 
cyclic  fatigue  tests  at  elevated  temperature.  The  Nicalcn-CAS  systcaa  has  similar 
physical  properties  from  the  standpoint  of  matrix  porosity  and  .modulus.  .Although 
the  SiC-SiC  system  has  similar  mechanical  propenics,  Lhe  mattrix  po.msity  is  much 
higher.  The  fact  that  the  trend  of  similar  a  dissimDar  CMCs  tends  to  be  the 
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same  when  comparing  stress  rupture  and  cyclic  fatigue  life  implies  that  a  common 
mechanism  exists. 

The  aforementioned  testing  indicates  the  following  ti'cnds:  first,  the 
fatigue  life  of  ceramic  matrix  composites  decreases  with  increasing  stress  and 
ten^jeratufe.  Second,  the  introduction  of  stress  rupture  components  into  the 
wave-form  decreases  the  number  of  cycles  to  failure  while  the  time  under  stress 
remains  fairly  constant  to  the  point  of  failure.  Third,  the  predominant  failure 
mechanism  is  brittle  behavior  and  subsequent  micro-cracking  caused  by  oxygen 
embrittlement. 


Researchers  have  proposed  two  models  for  the  prediction  of  modulus 


degradation  due  to  cyclic  fatigue  [8].  One  model  was  based  on  the  CApcnmcntal 


detennination  of  matrix  crack  density'  compared  to  the  ..'todulus  degradation.  A 
linear  function  was  developed  that  predicted  the  change  in  materia]  modulus  as  a 
function  of  matrix  crack  density.  Also  proposed  v/as  a  logarithmic  ccrrciaticn 
given  by; 


E/Eo=A+B  Log(t  or  N), 


where  A  is  a  constant  and  B  is  the  slope  of- the  line  defined  by  plotfing  the 
normalized  Young’s  modulus  versus  the  log  of  the  number  of  cycles.  The  mode! 


to 


accurately  predicted  the  extent  of  modulus  degradation  with  the  limitation  that  it 
not  be  ^plied  to  cases  where  there  is  signlAcant  damage  on  the  first  loading 
cycle.  Both  models  were  based  on  experimental  observations  from  Nicalon-CAS 
specimens. 

Because  the  failure  mechanisms  in  both  Nicalon-MAS5  and  Nicalon-CAS 
are  similar,  this  model  may  be  accurate  for  both  materials.  In  addition,  the 
parameter  of  time  in  the  equation  implies  that  the  model  may  be  used  for  the 
combined  loading  case  since  the  failure  of  SiC-SiC  was  found  to  be  a  function  of 


time  at  maximum  stress. 


fll.-  Experimental  Procedure 


The  set-up  consisted  of  a  servo-hydraulic  test  machine  with  w'atcr-coolcd 
gr^s;  a  controller;  heat  lamps  (each  consisting  of  a  water/air-cooled  aluminum 
housing  with  four  single  filament  quartz  bulbs-each  rated  at  1  KW);  thermocouple 
driven  temperature  controllers  (each  controlling  one  pair  of  bulbs);  connections  to 
centrali/ed  cooling  water,  compressed  air  and  hydraulics;  a  PC  ninning  MATE, 
written  by  George  Hartman  of  the  University  of  Da>1on  Research  Institute, 
controlling  the  data  acquisition.  This  equipment  applied  the  triangular  wave-forms 
(with  and  without  hold  times)  at  elevated  temperatures  up  to  1  lOOT  and  was  used 
throughout  the  study. 

A.  Test  Station 

An  MTS  model  244. 12  was  used  for  all  the  material  tests  controlled  by  a 
model  4S8.20  controller.  The  configuration  was  somewhat  unique  and  warrants 
mention.  First,  since  the  tests  were  conducted  at  elevated  temperatures,  the 
machine  is  oriented  horizontally  to  relieve  the  heat  load  on  the  grips.  Second,  the 
cooled  heat  lanq>s  were  held  in  position  by  a  jig  &bricated  in  the  AFIT  machine 
shop.  The  Sylvania  quartz  heat  lamps  were  rated  for  1000  Watts.  For  even 
heating,  a  set  of  lanq>s  were  used-one  on  each  side  of  the  ^ecimen  with  two 
active  bulbs.  Figure  2  illustrates  the  test  station  layout. 


Figure  2.  Test  Station. 


The  tests  were  controffed  b>-  MTS  proprictai>’  software  designed  for  the 
servohydraufic  tester  using  a  personal  con^uter  (PC),  a  486  DX2.  Approxiimtel>’ 
1000  data  points  were  acquired  per  data  acquisition  cycle.  Strain  data  w'ere 
acquired  through  the  use  of  a  MTS  model  632.531:14  extensometer.  The  standard 
quartz  extensometer  rods  were  replaced  with  longer  units  to  protide  protection 
from  the  elevated  temperatures  of  the  test  volume.  Tlic  extensometer  was 
calibrated  at  a  gauge  length  of  1 .27  cm. 


B.  Test  Station  Alicmmcnt 

Tlie  alignment  was  perfonned  to  ensure  that  each  test  qtecimen  would  be 
subjected  to  an  axial  load  without  any  bending  or  torsional  components.  The  test 


ftation  %V'as  tiigued  u&ioit  a  square  cross-section  aluminum  calibration  specm>en 
iastramented  with  eight  strain  gauges-two  per  side.  These  were  configured  such 
that  all  bendag  noodes  could  be  detected.  After  verifying  the  condition  of  the  un¬ 
installed  calibration  specimen  by  notirg  that  aO  the  strains  were  negligible  (that  is , 
not  bent  or  damaged),  it  was  installed  in  the  tester  and  aligned.  The  grip.s  were 
then  adjusted  until  aO  the  strains  in  the  calibration  q)ectmen  were  within  100 
microstrains.  At  this  point,  the  test  station  was  assumed  to  be  aligned. 


SiC-MASS  is  in  an  emerging  class  of  glass  ceramic  materials  with  weak 
fiber/matrix  bond.  Hits  type  of  bond  is  desirable  from  the  standpoint  that  the 
weekly  bonded  fibers  will  tend  to  bridge  matrix  microcracks  arresting  their 
progression.  The  fibers  are  manufactured  by  Nippon  Carbon  Company  under  the 
brand  name  Nicalon.  The  fibers  are  nude  of  amorphous  silicon  carbide  and  are 
approximately  IS  )un  m  diameter.  The  matrix  is  made  of  S%  BSG  doped 
magnesium  alummo-silicate  (hence  the  name  SiC-MASS).  The  addition  Of  this 
di^ant  improves  the  durability  of  the  composite  material  in  oxiduing  environments 
at  elevated  temperatures.  Table  I  contains  the  material  properties  of  the  SiC- 
MASS  con^o  site. 


Table  1:  Properties  of  SiC-MAS5. 


1  Room  Temperature  Properties  of  SiC-MASS 

200  GPa 

Vf 

0.39 

Vf 

0.25 

Oil 

4x10'* 

E„ 

138  GPa 

v„ 

0.25 

ettn 

2.4x10-^ 

Porosity 

~1% 

Note:  E=miodulus  of  elasticity,  V=volume  fraction,  1 

v=Poisson’s  ratio,  a=coefficieot  of  thermal  expansion,  ! 

subscripts  f  and  m  arc  fiber  and  matrix,  respcctKcIy  ! 

P.  Specimen  Preparation 

The  SiC-MASS  material  from  Coming  was  received  as  a  1SX1SX0.3  cm 
(approximate)  plate  that  was  sectioned  as  shown  in  Figure  3  into  thirty 
13X0.5X0.3  cm  (approxunate)  ^ecimens  before  polisliing.  The  spccimeas  were 
machined  by  using  the  Buchlcr  Isomet**  radial  low  speed  saw  using  a  diamond 
blade  and  Isocut*^  cutting  ofl.  A  guide  was  fabricated  at  the  AFIT  macuine  shop  to 
ensure  that  the  plate  was  held  squarely  in  place  during  the  cutting  operatics.  The 
cutting  operation  for  each  specimen  began  with  the  machining  of  three  0.3  cm 
deep  pilot  cuts  0.2  inches  from  the  edge  of  the  plate.  This  technique  was  used  is 
order  to  ensure  the  thin  cutting  blade  did  not  d  ev'satc  from  parallel  to  tuc  edge. 
This  eliminated  the  need  for  excessK’e  polishing  and  further  ensured  the 
oonsistencyofthespecimens.  The  sav.' is  shown  in  Figure  4.  The  fea!  dlmessions 
of  the  specimens  are  listed  is  Table  2. 
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Figure  3.  Specimen  Layout  on  Master  Plate 


Specnnen  Layout 

I  30 


Table  2:  Specimen  Dimensions. 


Specimen 

Number 

ISSHHB 

24 

15 

0.320 

0.1430 

7 

15 

0.320 

0.1482 

23 

15 

0.409 

IS 

0.479 

15 

0.466 

0.320 

0.1491 

27 

15 

0.461 

0.320 

26 

15 

0.461 

0.320 

0.1475 

2 

15 

0.431 

0.320 

0.1379 

13 

15 

0.408 

0.320 

ElESBHl 

17 

15 

0.462 

0.320 

0.1478 

19 

15 

0.445 

0.320 

0.1424 

Q|||||||[P[|||H 

15 

0.462 

0.320 

0.1478 

15 

0.465 

n[FT]i]iiimii 

|J6 _ 

15 

0.461 

0.1475 

15 

0.451 

0.320  ! 

0.1443 

InBSi 

15 

0.449 

0.320  : 

0.1437 

Speciioca  preparation  started  with  the  removal  of  the  initial  blemishes 
along  the  machined  edge  caused  by  the  cutting  process,  followed  by  a  finish 
polishing  with  successively  finer  grinding  confounds  until  a  finish  suitable  for 
reph'cating  was  obtained.  A  Texmet*  pad  with  Metadi*  45  micron  diamofid 
suqtension  fluid  combined  with  fluid  extender  was  used  fi}r  the  mitiBt  removal  of 
edge  roughness.  This  initial  smoothing  continued  until  microscopic  inqjection 
revealed  a  consistent  surface.  The  process  continued  with  Metadi*  3,  and  fina!]^’ 
1  micron  fluid  combined  with  fluid  extender  on  an  Tercmet*  pcushisg  clcth. 
SucccssKcly  finer  grades  of  fluid  uxirc  applied  when  microsccpic  inspection 
revealed  a  consistent  surface.  The  last  step  in  the  prqparation  of  each  speciincs 
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was  the  installation  of  ductile  alummum  tabs  using  heat  resistant  epoxy  at  the 
tensile  tester  grip  locations.  This  prevented  damage  to  the  brittle  material  due  to 
the  gripping  operation.  The  poUsher  is  shown  in  Figure  S. 

E.  Experimental  Procedure 

Each  test  followed  a  standardized  procedure  that  invoKed  the  installation 
of  the  specimen  in  the  tester,  installation  of  the  thermocouples,  zeroing  of  the 
e.xtensometer,  ramping  to  temperature,  measorement  of  the  initial  modulus,  and 
initiation  of  the  test  regimen. 

Specimen  installation  consisted  of  three  steps:  alignment,  griping,  and 
stress  zeroing.  Alignment  consisted  of  ensuring  that  the  entbe  aluminum  pad  was 
within  the  jaw's  of  the  grip  and  using  a  fabricated  gauge  to  manually  locate  each 
end  of  the  specimen  at  equal  positions  laterally  within  the  grip.  At  this  point,  the 
left  (fixed)  grip  was  closed.  Because  of  the  brittle  nature  of  SiOMASS,  the  grip 
pressure  was  kept  at  about  3.S  MPa.  This  pressure  was  arriv'ed  at  through  some 
trial  and  error  and  represented  the  pressure  that  would  slightly  deform  the  ductile 
aluminum  pads  and  no  more.  The  data  confirmed  that  this  pressure  was  sufficient 
to  prevent  the  specimen  fi^om  slipping  during  the  sometimes  lengthy  tests  that 
followed.  In  addition,  all  the  ^ccimens  failed  &i  fi-om  the  alummum  tabs 
indicating  that  the  ffvp  pressure  caused  no  significant  pre-test  damage.  Kext,  the 
high  pressure  hydraulic  system  was  brought  to  operating  temperature  by  applying 
the  triangle  wave  output  of  a  fiinction  geiterator  to  the  displacement  controller  for 


Figure  5.  Specimen  Polisher  (right). 


«  period  of  fiv'c  minutes.  After  the  warm-up  was  complete,  control  was  transferred 
to  the  load  controller  and  the  right  (actuated)  grip  closed.  The  load  was  then 
oumuaDy  zeroed.  The  specimen  was  now'  ready  for  the  installation  of  the 
thermocouples. 

The  type  K  (chromel-Alumel)  thermocouples  were  installed  in  the  middle 
on  both  sides  of  the  ^edmen  held  in  place  with  silica  adhesive  applied  to  the 
thermocouple  weld  region.  The  installation  was  such  that  each  thermocouple 
controlled  two  quartz  bulbs  in  a  heat  lami'  on  the  opposite  side  of  the  specimen. 
In  addition,  the  bulbs  w’crc  mounted  in  a  staggered  configuration  in  order  that  the 
specimen  be  heated  evenly  across  the  width  of  the  heat  lamps  (approximately 
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7.6  cm).  The  curing  of  the  siKca  adhesive  occurred  at  1 50"  C  for  a  period  of  two 
hours. 

The  extensomcter  was  then  zeroed  roanually  at  a  gauge  length  of  1.27  cm 
on  the  edge  of  the  specimen  at  room  temperattire  with  the  thermocouple 
approximately  in  the  center  of  the  quarts  rods.  The  pressure  on  the  exteusometer 
rods  was  the  minimum  required  to  hold  them  in  place  on  the  snecimen,  The 
qiedmen  w^s  then  brought  to  the  test  temperature. 

The  process  of  ramping  up  to  the  test  temperature  was  accomplished  in  the 
same  manner  for  both  the  566  and  1093"  C.  First,  the  thermocouples  were 
checked  by  verifying  that  both  indicated  room  icmperature  (about  27  X)  and  were 
within  about  one  or  two  degrees  of  each  other.  Then  the  specimen  was  heated  at  a 
constant  rate  of  approximately  three  degrees  per  second.  After  the  test 
temperature  was  reached,  h  was  allowed  to  stabilize  for  about  five  nunutes  before 
the  load  was  applied.  A  certain  amount  of  rt'ermal  strain  was  btroduced  at  each 
test  temperature— 0.00070  at  566®C  and  0.00140  at  1093"C.  These  vabes  were 
verified  before  the  start  of  each  test  to  confirm  that  the  extensometer  rods  had  not 
slipped.  Figure  6  shows  a  ^ectmen  mstalled  b  the  sen'ohydraulic  tester. 

The  bitial  cycle  of  all  tests  was  applied  manually  through  the  use  of  the 
BETASTAT  program,  written  by  Brian  Sanders,  an  AFIT  PhD  student.  In  a 
fiishion  sbtilar  to  the  MATE  program,  BETASTAT  collected  stress  versus  strab 
data.  The  use  of  this  program  was  not  redundant.  Because  of  the  bttbl  workload 
on  the  computer  during  the  start  of  the  te.st,  the  first  data  acquisition  cycle  was  not 


20 


accomplished  until  the  third  loading  cycle  at  best.  This  was  not  acceptable  as  the 
analysis  required  the  initial  (undamaged)  modulus  of  the  ^ccimen.  Since  a  large 
amount  of  damage  occurs  during  the  first  loading  cycle,  the  use  of  BETASTAT 
was  essential.  First,  the  load  was  calculated  based  on  the  stress  level  desired  for 
the  particular  test  and  the  specimen  cross  section  (unique  after  polishing).  Then 
the  heated  ^ccimen  was  brought  to  the  maximum  load  manually  by  the  operator 
via  the  controller.  The  rate  of  load  application  for  varied  slightly  from  test  to  test 
but  was  approximately  O.OS  Hz. 

To  initiate  the  remainder  of  the  test,  necessary  data  (^ectmen  (fimensions, 
requested  data  acquisition  cycle,  maxunum  stress,  hold  time,  etc.)  was  entered  into 
the  MATE  program  in  an  interactive  fashion.  Subsequent  cycles  were  initiated  by 
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the  PC  via  the  controller.  Displacement  limits  were  entered  into  the  controller  so 
that  at  the  time  of  specimen  failure,  the  hydraulic  systems  in  the  servohydraulic 
tester  would  shut  down  preventing  other  than  cyclic  damage  to  the  ^ecimen 
caused  by  e.\ccssK'e  grip  di^Iacement. 
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IV.  Results  and  Discussion 

This  study  was  carried  out  to  identify  the  relationship  between  an  elevated 
temperature  environment,  stress  rupture  loading,  cyclic  fatigue,  and  how  each 
contributes  to  the  failure  of  the  ceramic  matrix  composite,  SiC-MAS5.  This  was 
accomplished  through  the  use  of  S-N  (stress  versus  cycles  to  failure),  S-T  (stress 
versus  exposure  duration),  S-S*T  (stress  versus  total  area  under  the  cycling  curve 
to  the  point  of  failure),  modulus  degradation,  stress-strain  loop  hysteretic  energy, 
stress-strain,  and  minimum/maximum  strain  curves. 

The  data  used  to  con.struct  the  modulus  degradation  and  stre.ss-strain  loop 
hysteretic  enei^y  curves  were  smoothed  as  much  as  possible  based  on  the 
envelope  of  the  raw  data  in  order  to  reflect  the  pertinent  trends.  Also,  any 
extensometer  slippage  will  be  reflected  in  the  raw  strain  data  uCui  the 
extensometer  and,  if  necessary,  applied  to  the  reduced  data  to  reflect  uie  true 
tiends.  These  envelope  plots  are  included  in  Appendix  B  for  the  reader  to  refer. 
The  data  from  the  1093®C/138  M?;i/'1(X)  second  hold  test  is  absent  from  all  but  tbc 
fatigue  life  plots.  This  is  due  to  the  test  completing  before  a  single  cycle  could  be 
completed,  i.e.  the  specimen  failed  during  the  first  cycle.  In  addition,  some  of  the 
other  high  temperature  te.sts  terminated  in  rapid  ftaSiitcrif  rcsialuia^  aat  oitly  CatC  cr 
two  cycles  of  data  acquisition.  Finally,  a  post  "inorteiii  Scanning  Blcctron 
Microscope  (SEM)  analysis  of  the  fractured  surface  and  an  optical  microscopic 
survey  of  the  polished  edge  were  conducted.  The  results  of  this  examination  were 
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compared  to  the  mechanical  behavior.  This  required  a  total  of  sixteen  load 
controlled  tests  shared  between  two  elevated  temperatures.  Table  3  summarizes 
the  test  matrix  and  the  number  of  cycles  at  failure  for  each  specimen. 

First,  fatigue  tests  without  any  hold  time  were  conducted  at  both 
temperatures.  Then  the  remaining  fourteen  tests  were  conducted-scvcn  at  each 
tenq)erature.  The  rate  of  load  application  varied  with  the  maximum  stress 
achieved  which  was  207  MPa/s  for  the  103  MPa  tests  and  276  MPa/s  for  the  138 
MPa  tests.  The  initial  modulus  at  566  and  1093*'C  was  obtained  by  Steiner  [9] 
and  was  found  to  be  1 17  and  97  GPa,  respectively.  This  compares  well  with  the 
monotonic  tensile  data  presented  by  Larsen  [3].  Based  on  the  initial  modulus  at 
566^,  the  initial  strain  rates  were  approximately  O.OOOoo/s  and  G.OGl  10/s  to  a 
maximum  stress  of  103  and  138  MPa,  respectively.  At  I093®C,  the  initial  strain 
rates  were  approximately  0.0010/s  and  0.(X)I30/s  to  a  rDaXiniuni  stress  of  103  and 
138  MPa,  respectively.  Loading  and  unloading  were  accouipliSuCd  at  a  one  hertz 
rate.  The  R  value  (ratio  of  maximum  stnes.?  to  minimum  stress  or  Cnn/Cmn  )  was 
0.1  for  all  tests. 

A.  Fatigue  Life  Diagrams 

The  fatigue  data  for  tests  at  both  elevated  temperatures  was  compiled  in 
several  ways.  First,  S*N  curve.s  were  created  to  get  an  initial  comparison  of  the 
trends  fonned  by  the  variation  of  stre.w  and  wavc*form.  Table  4  contains  a 
summary  of  the  results. 


24 


Tabic  3;  Summary  of! 

'est  Results;  Cycles  at  Failure. 

Specimen 

Number 

Test 

Temperature 

CC) 

Hold 

Time 

Maximum 

Stress 

(MPa) 

Cycles 
to  Failure 

' 

Fracture  Location 
(from  center,  mm) 

24 

566 

0 

103 

425.299 

10 

7 

566 

1 

103 

tmnm 

5 

23 

566 

10 

103 

91,739 

6 

30 

566 

100 

103 

5.135 

6 

25 

566 

0 

138 

1.156 

0 

27 

566 

1 

138 

1,195 

4 

26 

566 

10 

138 

265 

6 

2 

566 

100 

138 

14 

25 

13 

1093 

103 

20,237 

30 

17 

1093 

1 

103 

6,017 

30 

19 

1093 

10 

103 

216 

32 

21 

1093 

100 

103 

10 

28 

15 

1093 

0 

138 

32 

21 

16 

1093 

1 

138 

18 

20 

20 

1093 

10 

138 

11 

20 

29 

1093 

100 

138 

*** 

21 

***  Less  than  one  cycle 


At  566"C,  the  data  followed  the  trend  that  the  number  of  cycles  completed 
at  feilurc  varied  inversely  with  hold  time.  The  maximum  number  of  cycles 
completed  at  this  temperature  was  425,259  and  occurred  at  a  stress  and  hold  time 
of  103  MPa  and  0  seconds,  respectively.  The  rairiimuiTi  of  14  cycles  occurred  at  a 
stress  and  hold  time  of  1 38  MPa  and  100  seconds.  re.>pcCuVCly. 

At  1093  "C,  the  trend  was  the  same.  The  maximum  number  of  cycles  was 
20,237  and  occuircdat  a  stress  and  hold  lime  of  103  MPa  and  0  seconds, 
respectively.  The  minimum  was  less  than  one  cycle,  lasting  approximately  60 
seconds  into  the  100  second  hold  segment  of  the  first  cycle  (for  the  purposes  of 


Table  4:  Summary  of  Test  Results:  Exposure  Duration. 


Stress 

(MPa) 

Temperature 

CC) 

Hold 

Time 

(s) 

Cycles  at 
Failure 

Exposure 
Time  (s) 

Figure 

Number 

Showing 

Fractured 

Surface 

138 

566 

iflEHi 

1156 

1156 

52,70 

138 

566 

100 

14 

1414 

53,71 

138 

566 

I 

1195 

2390 

54 

138 

566 

10 

265 

2915 

55,80 

103 

566 

1 

101834 

203700 

56 

103 

566 

0 

425299 

425299 

57,68 

103 

566 

100 

5135 

518635 

58,69 

103 

566 

10 

91739 

1009129 

59.79 

138 

1093 

0 

32 

32 

60.74 

138 

1093 

1 

18 

36 

61 

138 

1093 

100 

1 

101** 

62.75 

138 

1093 

10 

11 

121 

63.78 

103 

1093 

100 

10 

1010 

64,73 

103 

1093 

10 

216 

2376 

65,76,77 

103 

1093 

1 

6017 

12030 

66 

103 

1093 

0 

20237 

20237 

67,72 

♦*  Less  than  one  cycle 


the  fatigue  life  diagrams,  this  will  be  considered  one  cycle).  This  occurred  at  a 
stress  level  of  138  MPa  and  a  hold  lime  of  100  seconds.  When  comparhig  the  S- 
N  results  between  the  two  temperatures,  the  number  of  cycles  to  failure  decreases 
with  increased  temperature,  holding  all  other  variables  constant.  Figu.»es  7  and  8 
illustrate  these  trends. 

Figure  9  illustrates  the  effect  of  hold  time  at  both  temperatures.  It  shows 
that  the  effect  of  hold  time  is  to  decrease  the  number  of  cycles  by  the  same /actor 
regardless  of  the  stress  or  temperature.  This  implies  a  strong  dependence  on  the 
temperature  of  the  oxidir.ing  environment  and  will  be  explored  further. 


nun^u  ft  t  o 


Figure  9.  EfTect  of  Hold  Time  On  Life. 


Expanding  on  the  results  of  Figux  9.  plots  of  the  speci.'cen  s  tress  versus 
the  exposure  duration  to  the  high  temperature  environment  were  created  from  the 
S-N  dau.  In  addition  to  the  data  from  the  present  study,  the  stress-rupture  data 
l»esented  by  Larsen  |3]  at  1093"C  was  also  plotted.  The  c.xposurc  duration  to  t.hc 
environment  was  defined  as  the  number  of  cycles  to  failure  multiplied  by  the 
duration  per  cycle.  It  was  as-sumed  that  the  exposure  began  at  the  start  of  load 
application  (beyond  the  minimum  specified  by  the  value  of  R)  and  ertded  when 
the  stress  returned  to  the  minimum  value.  For  example,  if  the  cycle  hold  time  was 
one  second  with  a  one  hertz  ramp  rate,  the  total  exposure  would  be  two  seconds. 
Figures  10  and  1 1  illustrate  the  result  of  this  normalization  technique. 


Rgure  10.  S-T  Curves  for  566*C. 
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Figure  1 1 .  S-T  Curves  for  1093"C. 
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At  566®C,  the  S-T  data  collapses  to  within  a  factor  of  two-a  normal  scatter 
in  fatigue  experiments.  In  contrast,  the  .spread  in  the  S-N  data  is  approximately 
the  same  at  both  stresses--two  orders  of  magnitude.  This  reduction  of  data  spread 
is  caused  by  the  normalization  technique,  that  is,  the  introduction  of  the  exposure 
time  parameter  normalizes  the  data  to  account  for  the  effect  of  the  environment. 
The  fatigue  life  of  the  material  at  this  temperature  is  alntost  totally  dependent  on 
the  exposure  time  under  stress  with  a  negligible  effect  from  Che  cyclic  fatigue. 

At  1093*^,  the  reduction  in  spread  from  the  S-N  data  to  the  S-T  data  is  not 
as  extensive.  In  addition,  the  reduction  varies  with  the  stress  level  with  the  higher 
stress  experiencing  a  greater  reduction  than  the  lower.  This  is  due  to  the  larger 
contribudon  of  the  cyclic  fatigue  mechanism  at  this  temperature.  At  1093"C.  the 
rate  of  oxidation  is  far  greater  than  at  566T.  This  coupled  with  the  mechanical 
interactions  at  the  micro-level  will  tend  to  expose  new  material  to  the  effect  of  the 
environment  on  successive  cycles,  causing  the  materia]  to  rapidly  accumulate 
damage  from  the  environment.  Thi  S  piaCnOasaCnM  aS  uCsTaCajStTutwu  1/y  t!iC  umu 
spread  at  low  stress  (where  the  number  of  c}'cles  is  reluuVwIy  ^rcMt}  3nd[  the 
relative  collapse  at  the  higher  stress  (where  the  number  of  cycles  is  much  le^s^. 

Another  normalization  technique  applied  to  the  S-N  data  was  die 
introduction  of  a  parameter  defined  as  the  area  under  the  loading  wayc-form  (in 
units  of  strc.ss*timc)  multiplied  by  the  nu.*nbcr  of  cycles  to  failure.  This  parameter 
is  a  combination  of  stress  level  and  c.\posurc  duration.  The  data  normalized  to 
this  parameter  is  presented  in  Figures  12  and  13.  At  both  temperatures,  the  data 


from  different  test  conditions  did  not  tend  to  merge  to  a  single  eurve,  implying 
that  this  parameter  was  not  a  meaningful  normalization  method. 

The  fact  that  the  fatigue  life  decreases  with  increasing  stress  is  an  expected 
result  of  all  S-N  curves  as  Figures  7  and  8  show.  However,  the  decrease  of  cyclic 
fatigue  life  with  hold  time  implies  the  effect  of  a  damage  mechanism  that  is 
predominantly  time  dependent.  This  hypothesis  is  supported  by  the  collapse  of 
the  566X  data  illustrated  in  ’figures  10.  But  the  1093-C  data  does  not  follow  this 
simple  relationship.  It  appears  that  the  fatigue  life  in  the  higher  temperature  case 
is  a  function  of  both  the  exposure  time  and  cycling.  In  addition,  the  stress  rupture 
result  [3]  appears  to  be  significantly  different  than  that  of  any  of  the  hold  lifucs. 

In  fact,  close  examination  of  Figure  11  will  reveal  differing  regions  of 
contribution  from  cyclic  fatigue  and  the  environment.  For  example,  as  ihe  stress 
increases,  the  curves  tend  to  coIIap.se  as  in  Figure  10.  But  as  the  stress  decreases, 

UlC  ClZCvl  OX  ulC  OyClUlg  inCICa&Cd*  uiv  Mata  %sj  »|>Avau.  iii  avAuiiiVAi,  MiW  u«ia 

in  Figure  1 1  have  split  into  three  separate  ci;r»’es-onc  leprcscnting  the  shortest 
hold  times  (0  and  I  second),  one  representing  the  longest  hold  times  flQ  and  100 
seconds),  and  one  representing  the  pure  stress-rapture  result.  The  effect  of  the 
cycling  is  largest  at  the  lowest  hold  times  (as  evidenced  b>'  a  lowering  of  the 
curve),  while  the  cun'c  representing  the  longer  hold  times  is  closer  to  the  pure 
stress-rupture  result.  This  follows  logically  suice  the  longer  hold  times  contain 


larger  stress-rupture  components. 


31 


The  data  from  the  pure  stress  rupture  test  [3]  does  not  fall  on  the  S-T  curve 
for  two  reasons.  First,  the  failure  of  the  material  must  be  a  function  of  both  the 
cycling  and  environmental  temperature.  One  mechanism  will  dominate  over  the 
other  as  the  temperature  and  loading  wave-form  vary.  Second,  the  rate  of 
oxidation  in  most  materials  is  not  constant.  In  the  absence  of  flaking,  the  oxide 
provides  a  protective  layer  that  inhibits  further  oxidation. 

It  is  possible  that,  in  the  case  of  SiC-MAS5,  the  rate  of  oxidation  follows  a 
logarithmic  decay  as  it  progresses  in  a  steady  state  problem.  This  would  explain 
why  a  pure  stress  rupture  specimen  will  have  a  longer  life  than  one  in  which  the 
identical  stress  level  is  applied  but  cycled.  The  rate  of  oxidation  (or  damage)  in 
the  stress  rupture  specimen  will  slow  to  nearly  zero  with  time  because  there  will 
be  no  additional  un-oxidized  surface  exposed  as  the  test  progresses. 

In  contrast,  the  specimen  experiencing  cyclic  fatigue  will  encounter  the 
synergistic  effect  of  oxidation  occurring  at  the  fibers  and  continuing  to  a  mueb 


larger  extent  due  to  the  mechanical  action  of  crack  opening  and  closing  resulting 


in  the  exposure  of  un-oxidizcd  surfaces  to  the  cnvironiucnt  at  the  interface.  L" 
addition,  cycling  will  cause  the  crack  density  to  increase  over  time  cxcecdmg  that 
of  the  .stress  rupture  .specimen,  and,  presumably,  provide  additional  paths  for 
oxidation  to  occur. 

In  summary,  an  increase  in  the  hold  time  at  a  constant  stress  and 
temperaiure  causes  a  decrease  in  the  cycles  at  failure.  The  damage  after  Lnitial 


loading  is  due  to  the  synergistic  effect  of  the  elevated  temperature  environment 
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combined  with  the  micro-mechanical  interactions  caused  by  the  cycling.  The 
extent  to  which  this  damage  progresses  is  heavily  dependent  on  the  temperature  of 
the  environment.  At  Sbb'C,  the  rate  of  oxidation  is  low  enough  .so  that  the 
synergistic  effect  of  the  cycling  and  oxidation  does  not  occur  to  a  significant 
extent.  At  lOQS’XT,  the  rate  of  oxidation  is  much  larger,  and  the  effect  of  the 
environment  coupled  with  the  cycling  has  a  significant  effect  on  the  fatigue  life. 
This  effect  is  proportional  to  the  number  of  cycles  and  decreases  with  increasing 
stress.  Finally,  the  S-S*T  normalization  illustrated  in  Figures  12  and  13  resulted 
in  some  collapse  of  the  data,  but  to  an  insignificant  extent.  This  implied  that  the 
normalization  technique  was  not  useful  and,  therefore,  was  not  explored  further. 


The  degradation  of  the  modulus  during  cycling  was  also  plotted  to  analyze 
the  fatigue  behavior.  The  data  was  compiled  in  two  ways.  First,  the  normalized 
modulus  was  plotted  as  a  function  of  the  number  of  cycles  completed  on  the  log 
scale.  The  normalized  modulu.s  was  defined  as  the  mcduius  cf  the  material  at  a 
particular  cycle  as  shown  in  Appendix  B  divided  by  the  initial  modulus  computed 
from  BETASTAT.  Then,  an  additional  normalization  was  applied  to  the  life  of 
the  specimen  because  of  the  wide  variation  in  the  number  cf  cycles  to  failure 
depending  on  the  combination  of  wave  form  and  strcs.s  applied.  The  data  in  this 
ca.se  i.s  plotted  as  a  function  of  normalized  life.  The  normalized  life  wa.^  defined 
as  Ac  cycle  of  interest  divided  by  the  cycles  at  failure.  The  normalized  modalus- 
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normalized  life  plots  were  created  in  c  .der  to  compare  the  trends  of  the  moduli 
from  a  group  of  specimens  wiih  a  wide  v  nation  in  the  number  of  cycles  at  failure 
at  statistically  meaningful  points.  But  because  the  largest  amount  of  damage 
occurs  during  the  first  few  cycles,  the  normalized  modulus-log  cycles  plots  were 
created  to  recover  the  resolution  lost  at  the  beginning  of  the  longer  tests  by  the 
former  method.  The  technique  used  to  compute  the  modulus  was  the  secant 
method  and  is  illustrated  in  Figure  14. 

At  566*Cyi03  MPa  the  rate  of  modulus  degradation  (change  in 
normalized  modulus/cyclc)  is  dependent  on  the  hold  time,  i.e.  the  larger  the  hold 
time,  the  larger  the  degradation.  At  S66*‘C/12B  MPa,  the  modulus  is  frilly 
degraded  by  the  fourth  cycle  with  less  dependence  on  bold  time.  In  addition,  the 
moduli  at  the  lower  stress  level  tend  to  degrade  over  the  course  of  the  test,  while 


Figure  14.  Calculation  of  Secant  Modulus. 
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the  moduli  of  the  138  MPa  tests  tend  to  degrade  immediately  then  stabilize.  In  all 
cases,  the  modulus  eventually  degrades  with  hold  time,  i.e.  the  longer  the  hold 
time,  the  greater  the  degradation.  These  trends  are  illustrated  in  Figures  15  and  16. 

At  1093T,  the  behavior  is  different  in  that  the  lower  stress  shows  a 
random  ordering  of  rates  of  modulus  degradation.  Also,  all  normalized  moduli 
are  within  the  range  of  0.86  to  0.94  after  the  first  few  cycles.  The  higher  stress  at 
1093*C  shows  the  same  tendency  as  the  566“C  tests  at  high  stress  in  that  the 
modulus  fully  degrades  within  the  first  few  cycles  then  stabilizes.  In  this  case,  the 
stabilized  value  is  0.45  to  0.5.  In  addition,  the  low  stress  tests  show  an  interesting 
tendency  for  a  modulus  recovery  as  the  test  progresses.  This  phenomena  was  also 
observed  by  Harris  [4]  and  is  due  to  the  accumulation  of  debris  in  the  cracks  or 
possibly  to  changes  in  the  bond  strength  at  the  fiber  matrix  interface.  The  high 
temperature  modulus  degradations  are  shown  in  Figures  17  and  IS. 

Figures  19  and  20  group  the  aforcincntioncd  tests  wiCu  respect  tc 
temperature.  Plotted  in  this  way,  it  can  be  seen  that  the  daht  separates  into  two 
groupings-those  at  103  MPa  and  those  at  138  MPa. 

The  normalized  life  plots  arc  shown  in  Figures  21-26.  They  clearly  show 
the  overall  trend  of  the  modulus  for  a  variety  of  hold  times  and  cycles  at  failure. 

At  566'X:,  the  103  MPa  tests  show'  a  definite  dependence  on  hold  time  as 
shown  in  Figure  2 1 .  In  general,  as  the  hold  time  mcrcascs,  Lhc  extent  of  modulus 


Figure  15.  Nonnalized  Modulus  Degradation  at  566*C,  103  MPa. 


Figure  16.  Normalized  Modulus  Degradation  at  566*C,  138  MPa. 


37 


Figure  18.  Normalized  Modulus  Degradation  at  1093**C,  138  MPa. 
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Figure  19.  Normslized  Moduiti.^  Degradation  st  555°C. 
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Figure  20.  Normalized  Modulus  Degradation  at  1093"C. 


Figure  21.  Normalized  Modulus  Degradatioa/Life  for  566“C,  103  MPa. 


degradation  also  increases.  At  failure*  the  normalized  moduli  for  this  combination 
of  stress  and  temperature  vary  between  0.7  and  0.9,  When  the  stress  is  increased 
to  138  MPa,  the  normalized  modulus  stabilizes  to  approximately  0.6  after  the  first 
few  cycles  as  shown  in  Figure  22. 

At  1093X.  the  103  MPa  tests  all  show  a  tendency  to  recover  some  of  the 
modulus  lost  after  the  first  few  loading  cycles.  The  normalized  moduli  of  all  bold 
times  start  within  a  range  of  0.86  to  0.94  and  end  within  the  range  of  0.94  to  0.98. 


Figure  22.  Normalized  Modulus  Degradaiion/Life  at  566"C,  138  MPa. 


Throughout  the  tests  at  this  temperature  and  bold  time,  the  moduli  are  within  6- 
8%  of  one  another  as  shown  in  Figure  23.  This  small  variation  implies  that  the 
degradation  of  the  modulus  under  the  high  temperature/low  stress  condition  is  not 
a  function  of  hold  time.  However,  the  longest  hold  time  of  100  seconds  did 
correspond  to  the  largest  modulus  decrease.  At  the  higher  stress,  all  normalized 
moduli  fall  within  the  first  few  cycles  to  0.45  to  O.S.  Again,  as  in  the  low 
temperature  case,  the  stabilized  '’alue  of  normalized  modulus  is  not  dependent 
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Figure  23.  Normalized  Modulus  Dcgr2dation,'Lifc  at  1093*0, 103  MPa. 


on  the  hold  time.  Figure  24  illustrates  the  trends  at  this  combination  of 
temperature  and  stress. 

When  grouped  according  to  temperature,  the  data  clearly  shows  that  the 
effect  of  hold  time  is  significant  only  at  the  low  temperature,  low  stress  condition. 
AU  other  loading  conditions  show  a  minimal  dependence  on  hold  time.  These 
trends  are  shown  in  Figures  23  and  26. 

The  differing  extent  to  which  the  S-T  data  collapsed  at  566'  j  as  compared 
to  1093*0  (as  shown  in  Figuies  10  and  1 1)  combined  with  the  dependence  of 
modulus  degradation  on  hold  time  at  low  stress  implies  a  combined  effect  from 
the  cycling  and  the  environment.  This  differs  from  tbe  138  MPa  behavior  in 
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Figure  24.  Normalized  Modulus  Degradatio.’i.'Life  at  !093“C,  138  MPa. 
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Figure  25.  Normalized  Modulus  Dcgradaticn/Life  at  566"C. 


that  at  this  higher  stress  level,  the  initial  damage  occurs  almost  immediately  (as 
evidenced  by  a  large  drop  in  normalized  modulus  within  the  first  few  cycles).  The 
normalized  modulus  then  stabilizes  at  this  degraded  value  until  the  point  of 
failure.  The  initial  modulus  degradation  at  the  higher  stress  is  consistent  with  the 
limiting  value  predicted  by  the  total  discount  method  assuming  the  90"  plies  have 
failed.  The  modulus  of  the  undamaged  composite  is  given  by 


E=l/n*EL+m/n*ET.  (3) 

where  E  is  the  modulus  of  the  composite;  El  and  Et  are  the  longitudinal  and 
transverse  moduli  of  the  laminae,  respectively;  n,  m,  and  I  arc  the  total  number  of 
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plies,  the  number  of  plies  with  fibers  running  in  a  direction  transverse  to  the  load, 
and  the  number  of  plies  with  fibers  running  in  a  direction  parallel  to  the  load, 
respectively.  When  the  90"  fibers  have  failed  totally,  the  second  term  is  equal  to 
zero  and, 

£=l/n*EL  (4) 

In  addition,  after  the  density  of  tracks  has  saturated,  or  reached  a  maximum,  the 
majority  of  the  load  will  be  supported  by  the  fibeis  and, 

E=l/n*Ef  (5) 


Where  Er  is  the  modulus  of  'he  fibers.  In  this  case,  the  modulus  for  the  [0/9Cj2s 
material  will  become  approximately  Vf^Ef,  where  Vf  is  the  voluiiic  uscticn  of  the 
fibers,  or  80  GPa.  This  represents  a  ncmiauZCu  iuCdul'uS  of  0.4  at  rccm 
temperature.  Assuming  the  normalized  value  rciuaiiss  She  same  at  elevoled 
temperatures,  this  is  in  line  with  the  experimental  obscr/aticas  v,’hen  one 


considers  that  the  total  discount  taethod  assumes  all  the  transverse  fibers  hav^e 


failed-definitely  the  case  when  the  stress  level  is  beyond  the  “.knee”  in  Lhc  stress- 
strain  curve.  The  “knee”  is  defined  a.s  the  .stress  level  on  the  monotonic  tensile 


curve  where  the  slope  (modulus)  instantaneously  decreases  due  to  Lhc  failure  of 
the  90*  plies.  Also,  the  contribution  from  the  matrix  In  the  longitudinal  plies  will 
vary  based  on  the  crack  density  which  is  a  function  of  the  stress.  The-  0.4  value 
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represents  a  “worst  case”  that  is  approached  by  the  stabilized  modulus  of  the  high 
temperature/high  stress  tests.  Based  on  the  monotonic  tensile  tests  conducted  by 
Larsen  (4),  the  major  ‘knee’’  occurs  at  1 10  MPa  at  566"C  and  83  MPa  at  ICQS^C. 
This  compares  well  with  the  experimental  observations  in  that  at  lOOS’C  the 
difference  in  modulus  degradation  between  the  two  stress  levels  is  more 
pronounced  than  at  566"C. 

In  summary,  the  effect  of  hold  time  is  to  increase  the  rate  and  extent  of 
modulus  degradation  at  the  low  temperature/low  stress  condition.  This  implies  an 
environmental  effect  that  dominates  over  the  effect  of  the  cycling  and  is 
reinforced  by  the  collapse  of  the  S-T  data  in  Figure  10.  The  rate  is  also  dependent 
on  the  relationship  between  the  location  of  the  “knee’’  in  the  monoionic  tensile 
curve  and  the  maximum  stress.  Loading  to  a  stress  level  beyond  this  point  in  the 
curve  will  result  in  the  vast  majority  of  the  damage  occurring  in  the  first  few 
cycles.  After  that,  the  fatigue  life  is  dependent  on  the  effect  of  the  environment  as 
illustrated  by  the  collapse  of  the  S-T  data  in  Figures  10  and  (at  the  high  stress 
only)  Figure  11.  In  addition,  an  increase  in  temperature  generally  caused  an 
increase  in  the  rate  and  extent  of  modulus  degradation  and  was  probably  due  to 
the  lower  ‘‘knee”  stress.  The  long  term,  high  temperature  tests  tended  to 
experience  an  increase  in  modulus  after  the  initial  decrease.  This  v/as  possibly 
due  to  an  accumulation  of  debris  in  the  matrix  cracks  [4]  combined  '.vith  the 
oxidation  and  subsequent  stiffening  of  the  carbon  fiber/matrix  interface  [!0].  The 
combination  of  a  relatively  large  number  of  cycles  combined  with  the  high  rate  of 
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oxidation  caused  a  synergistic  effect  to  occur  that  tended  to  spread  the  high 
temperature/low  stress  data  on  the  S-T  cun'e  as  shown  in  Figure  II.  The  most 
severe  test  conditions  resulted  in  a  stabilized  modulus  value  in  line  with  the 
prediction  based  on  the  transverse  fibers  being  totally  discounted  and  the  matrix 
saturated  with  cracks. 

C.  Loop  Hvsteretic  Energy 

The  stress-strain  loop  hysteretic  energy  was  also  plotted  as  a  function  of 
the  percentage  of  the  test  completed.  This  parameter  is  equal  to  the  area  traced  by 
the  loading  and  unloading  curves  (in  units  of  stress)  and  is  indicative  of  the  extent 
of  damage  the  material  is  sustaining  on  a  per  cycle  basis. 

First,  the  results  were  examined  on  the  basis  of  temperature.  At  566"C, 
103  MPa,  the  data  is  rather  random,  but  all  are  within  2G%  of  an  approximate 
mean  of  1.35  KPa.  At  138  MPa,  the  trend  becomes  less  oiubiguOuS  viiu  the 
longest  and  shortest  hold  time.s  resulting  in  the  greatest  and  least  loop  hysteretic 
energy,  nsspcctively.  Thc.se  trends  arc  shown  in  Figure  27.  This  falls  in  line  with 
the  observations  of  the  moduli  reductions.  The  103  MPa  modulus  reduction.? 
were  small  and  within  I0?c  of  an  approximate  normalized  modulus  of  0.9  while 
the  138  MPa  reductions  were  far  greater  at  a  normalized  modulus  of 
approximately  0.6.  In  fact,  the  33%  increase  in  sL'CSS  from  103  MPa  to  138  MPa 
resulted  in  an  increase  of  approximately  500%  in  Ac  value  of  loop  hysteretic 
energy  and  a  degradation  increase  of  50%  i.t  a  given  no’maJized  life. 
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Figure  27.  Loop  Hysterctic  Energy  at  566“C. 


At  1093®C,  the  trend  eontinued  as  shown  in  Figure  28  with  the  difference 
in  loop  hysterctic  energy  between  the  two  stress  levels  increasing  to  a  factor  of  10. 

This  disproportionate  behavior  between  the  increase  in  stress  and  the 
increase  in  loop  hysterctic  energy  is  due  to  the  extent  of  cracking  and  damage  in 
the  matrix.  At  the  lower  stress  level,  transverse  matrix  cracks  have  just  begun  to 
form  with  the  associated  decrease  in  modulus,  while  at  the  higher  stress,  the 
damage  to  the  90“  fibers  has  progressed  to  the  point  they  can  be  reasonably 
discounted  and  provide  no  contribution  to  the  strength  of  the  material.  This  is  to 
be  expected  since,  at  the  higher  temperature,  103  MPa  falls  right  at  the  “knee” 
with  138  MPa  well  into  the  range  where  the  tr^.sverse  fibers  have  failed.  At 
566"C,  103  MPa  falls  below  the  point  where  extensive  damage  to  the  transverse 
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Figure  28.  Loop  Hysteretic  Energy  at  1093T. 


plies  will  occur  (although  some  cracking  will  probably  take  place)  while  at  the 
higher  temperature,  103  MPa  is  right  at  this  critical  point.  Figures  29  and  30 
illustrate  the  566'’C,  103  MPa  and  566®C.  138  MPa  trends,  respectively.  Figures 
31  and  32  extend  this  to  1093®C. 

The  loop  hysteretic  energy  plots  follow  the  trends  of  the  modulus  in  that 
the  vast  majority  of  the  damage,  or  the  highest  energy,  occurs  during  the  initial 
cycles  of  the  test  at  the  high  temperature  and  stabilizes  as  the  test  progresses. 
Unlike  some  of  the  modulus  plots,  there  is  no  tendency  for  increase  toward  the 
end  of  the  test.  This  makes  sense  when  one  considers  that  the  effect  of  oxidation 
may  be  to  increase  the  modulus,  and  this  increase  will  tend  to  diminish  the  area 
between  the  loading  and  unloading  curves  decreasing  the  hysteretic  loop  energy. 
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Figure  29.  Loop  Hystcrctic  Energy  at  566T,103  MPa. 
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Figure  30.  Loop  Hystcrctic  Energy  at  566‘’C,  138  MPa. 


Figure  31.  Loop  Hysterctic  Energy  at  1093“C,  103  MPa. 


Figure  32.  Loop  Hysterctic  Energy  at  ICQS'C,  138  MPa. 


51 


This  is  illustrated  by  fact  that  wliilc  the  modulus  remains  constant  or  increases 
slightly,  the  hystcrctic  loop  energy  continues  to  decrease  throughout  the  test  as 
shown  in  the  aforementioned  figures  which  illustrate  the  trend  for  103 
MPa/566*C,  138  MPa/566“C,  103  MPa/lOOB^C  and  138  MPa/i093T 
respectively.  Finally,  an  increase  in  hold  time  usually  caused  an  increase  in  the 
hysteretic  loop  energy  at  all  points  throughout  the  test.  This  trend  was  ambiguous 
at  the  low  stress  levels  and  much  clearer  as  the  stress  increased  to  138  MPa.  It  is 


possible  that  the  lower  stress  levels  display  random  behavior  due  to  the  similar 
contributions  of  the  various  mechanisms,  while  the  higher  stress  allowed  the 
effect  of  the  environment  and  creep  to  become  dominant.  In  addition,  the  effect 
of  the  environment  is  to  increase  the  strength  of  the  interfacial  bond  (causing  tlie 
composite  to  become  more  brittle)  [lOJ. 

In  summary,  the  loop  hysteretic  energy  follows  the  trend  of  the  modulus 


degradation.  An  incremental  incrca.se  in  the  stress  level 


cauAMi  a  uj>piuputuuiiau; 


increase  in  the  loop  hysteretic  encrgj\  This  was  due  to  the  larger  value  of  stress 


being  beyond  the  “knee”  of  the  monotonic  tensile  cur.'c  that  represents  the  point 


of  irreversible  damage  to  the  90“  plies. 


The  load  versus  displacement  data  from  ths  cycles  of  interest  v.'as 
convened  to  stress  versus  strain  data  and  ploncd  for  values  of  0,  0.5.  and  1.0  of 
normalized  life  (displaced  for  clarity  where  ncccssar)').  As  c.xpcctcd,  the  majority 


of  the  damage  to  the  material  was  inflicted  on  the  first  few  cycles  based  on  the 
increased  curve  area.  This  compares  favorably  with  the  trends  from  the  loop 
hysterctic  energy  data. 

At  566®Cyi03  MPa,  the  curves  show  the  tendency  for  an  apparent  decrease 
in  slope  with  increasing  hold  time,  however,  the  area  traced  by  the  loading  and 
unloading  curves  docs  not  change  appreciably  indicating  a  fairly  constant  rate  of 
damage  to  the  material.  This  is  due  to  the  level  of  stress  in  relation  to  the  “knee” 
at  566"C.  103  MPa  is  well  below  this  critical  value  at  the  lower  temperature,  and 
the  damage  on  successive  cycles  is  relatively  small.  These  loading  curves  are 
shown  in  Figures  33  through  36. 


Figure  33.  Loading  Curves  for  566X,  103  MPa,  0  Second  Hold. 
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Figure  34.  Loading  Curv'es  for  566“C,  103  MPa, !  Second  Hold. 
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Figure  35.  Loading  Curves  for  566“C,  103  MPa,  10  Second  Hold. 


This  is  in  contrast  to  the  138  MPa  data  which  shows  a  large  traced  area  on 

i 

the  initial  cycle,  followed  by  a  d  ecreasiug  urea  with  successive  cycles*  Lalce  the 
103  MPa  data,  this  data  shows  a  tendency  for  slope  decrease  as  the  hold  time 
increases.  This  is  due  to  the  stress  at  the  “Lnec”  being  exceeded.  At  this  level,  Lhe 
90“  plies  arc  destroyed  on  the  first  few  loading  cycles  (as  evidenced  by  the  area 
traced  by  the  loading  curves),  and,  after  that,  the  curve  area  remains  relatively 
constant  to  the  point  of  failure.  Thc.se  loading  curvc.s  arc  shown  in  Figures  37 
through  40. 
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re  37.  Loading  Cun'cs  for  566®C,  138  MPa,  0  Second  Hold. 
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Figure  38.  Loading  Curves  for  566®C,  138  MPa,  1  Second  Hold. 


Figure  39.  Loading  Curves  for  566"C,  138  MPa,  IQ  Second  Hold. 


Figure  40.  Loading  Cur\'cs  for  566®C,  138  MPa,  100  Second  Hold. 
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At  1093®C,  the  loading  curves  show  behavior  that  is  quite  different  from 
the  lower  temperature.  The  lower  stress  level  shows  the  majority  of  the  damage 
being  done  on  the  initial  cycles,  while  the  latter  cycles  show  a  relatively  constant 
traced  area.  This  is  due  to  the  failure  of  the  90®  plies  occurring  at  a  lower  stress  as 
the  material  is  degraded  at  this  higher  temperature.  At  this  temperature,  103  MPa 
falls  right  at  the  “knee”,  and  the  behavior  is  similar  to  the  566°C,  138  MPa  curves 
as  shown  in  Figures  41  through  44.  At  138  MPa,  the  area  traced  out  by  the 
loading  curves  are  consistently  large  from  the  start  to  the  end  of  the  test.  Since  the 
modulus  is  fully  degraded  within  the  first  few  cycles  and  the  effect  of  the 
environment  is  to  stiffen  the  fiber/matrix  interface  (inhibiting  slip),  the  relatively 
large  area  of  the  loading  curves  must  be  due  to  creep. 


Figure  41.  Loading  Curves  for  1093"C,  103  MPa,  0  Second  Hold. 
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Figure  42.  Loading  Curves  for  1093°C,  103  MPa,  1  Second  Hold. 
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Figure  43.  Loading  Curves  for  lODS^C,  103  MPa,  10  Second  Hold. 
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Figure  44.  Loading  Cun'cs  for  1093“C»  103  MPa,  100  Second  Hold. 


Thi.s  follows  logically  when  one  considers  that  the  effect  of  creep  increases  with 
increasing  stress  and  temperature.  These  loading  curves  are  shown  in  Figures  45 
through  47. 

To  summarize,  the  change  in  slope  and  in  size  of  the  hysteresis  loops 
agrees  with  the  observations  of  modulus  degradation  and  loop  hysterctie  energy, 
respectively.  Once  again,  Uic  stress  level  in  relation  to  the  stress  at  which  the  90“ 
plies  fail  is  an  important  factor  in  the  size  of  the  traced  area  of  the  loading  curves. 
The  effect  of  hold  time  is  to  decrease  the  apparent  slope  of  the  loading  curves  at 
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the  latter  stages  of  the  test.  This  is  especially  apparent  at  the  low  stress  condition 
where  the  damage  to  the  90®  plies  has  not  fully  progressed  after  the  first  few 
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Figure  46.  Loading  Curves  for  1093"C,  138  MPa,  I  Second  Hold. 
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Figure  47-  Loading  Cun'es  for  1093‘’C,  138  MPa.  10  Second  Hold. 


E.  Strain  Progression 


From  the  stress-strain  curves,  the  variation  of  maximum  and  minimum 
strain  with  test  progression  was  plotted  at  points  representing  0, 0. 1, 0.2, 0.5, 0.75, 
and  I.O  (w'herc  possible)  of  the  normalized  fatigue  life  for  each  specimen.  It  was 
found  that,  in  general,  the  envelope  of  the  strains  (enm-£min)  was  constant  with  the 
strains  increasing  initially  followed  by  a  stabilization  to  the  point  of  failure.  This 
trend  was  repeated  at  both  temperatures. 

At  the  Sdb’C,  103  Mf  a  loading  condition,  the  strains  tend  to  gradually 
increase  over  the  duration  of  the  test  as  illustrated  in  Figure  48.  This  compares 
well  with  the  tendency  of  the  modulus  to  gradually  decrease  over  the  same  period 
as  shown  previously  in  Figure  21.  When  the  stress  is  increased  to  138  MPa,  the 
strains  again  follow  the  trend  of  the  modulus.  The  modulus  tends  to  degrade 
within  the  Orst  few  cycles,  and  correspondingly,  tlic  strains  tend  to  increase  within 
the  first  few  cycles  then  stabilize  as  shown  in  Figure  49. 

At  1093"C,  the  strains  again  follow  the  trend  of  the  modulus  in  that 
and  Emin  both  increase  within  the  first  few  cycles  (corresponding  to  the  modulus 
decrease)  then  stabilize  as  shown  in  Figures  50  and  51.  The  slight  increase  in 
modulus  experienced  after  the  initial  damage  at  low  stress  is  not  clearly  indicated 
by  a  corresponding  decrease  in  the  strain  data.  This  is  due  to  the  competing  effect 
of  the  microcracks  (which  tend  to  decrease  the  modulus  and  increase  the  strain), 
the  progressive  oxidation  and  stiffening  of  the  fiber  matrix  interface  (which  may 
tcnd  toincrca.se  the  modulus  anddccrea.se  the  strain),  and  the  accumulation  of 
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Figure  48.  Variation  of  Min/Max  Strain,  566“C,  103  MPa. 
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Figure  49.  Variation  of  Min/Max  Strain,  566®C,  138  MPa. 
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Figure  50.  Variation  of  Min/Viax  Strain,  1093*C,  503  MPa. 
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Figure  51.  Variation  of  Min/Max  Strain,  1093®C,  138  MPa. 


debris  in  the  matrix  cracks  (which  will  tend- to  increase  the  modulus  and  decrease 
the  strain).  The  extent  of  matrix  cracking  (at  a  stress  level  below  the  “ktiee”)  is  a 
function  of  the  number  of  cycles  as  is  (he  accumulation  of  debris  in  the  matrix 
cracks.  The  extent  of  oxidation  at  the  fiber/matrix  interface  i.s  a  function  of  both 
the  cycling  and  the  temperature  of  the  environment  as  shown  by  the  1093®C  S-T 
data  in  Figure  11.  The  1093"C,  103  MPa  tests  were  most  conducive  to  a 
combination  of  the  aforementioned  mechanisms  working  in  concert  causing  the 
relationship  between  modulus  reduction  and  strain  progression  to  become 
ambiguous. 

Furthermore,  all  the  strain  data  show  a  tendency  for  £««  -  Emin  to  remain 
constant  after  the  initial  damage  has  been  done.  Also,  and  Emin  tend  to 
gradually  inerease.  Since  the  modulus  tends  to  remain  constant  after  the  initial 
damage  occurs,  the  strain  data  indicate  the  presence  of  creep.  In  this  case,  “creep” 
is  defined  as  a  time  dependent,  permanent  deformation  of  the  material-not  in  the 
sense  that  a  plastic  deformation  is  occurring  as  in  metallic  materials,  but  instead  in 
the  form  of  accumulation  of  various  forms  of  damage  at  the  microlevel. 

The  strain  data  (£««  and  Emin)  will  change  with  increasing  cycles  for  a 
variety  of  reasons.  First,  elongation  due  to  creep  effects  will  be  indicated  by  an 
incrca.se  in  both  Em**  and  equally  as  previously  stated.  Cyclic  damage  from 
micro-cracks,  on  the  other  hand  would  be  indicated  when  Emin  remains  relatively 
constant  while  £„«,  continues  to  increase  over  time  (or  cycles)  in  a  load  controlled 
test  This  would  indicate  a  progressive  decrease  in  modulus,  and,  while  this 


occurred  to  a  small  extent  at  the  low  stress/low  temperature  combination  of  103 
MPa/566"C,  all  other  stress/temperature  combinations  produced  an  initially  large 
modulus  decrease  followed  by  a  constant  or  slightly  bicreasing  value  of 
normalized  modulus. 

In  summary,  the  progression  of  the  maximum  and  minimuni  strains 
follows  a  trend  indicative  of  creep  in  that  Emix  and  Emin  arc  both  slightly  increasing 
with  Emax  -  €tnin  remaining  relatively  constant.  In  addition,  the  data  from  the  plots 
of  modulus  degradation  lend  support  to  the  creep  hypothesis. 


Finally,  the  fractured  surface  of  the  failed  specimens  was  analyzed  under 
the  SEM  under  magnifications  of  ranging  from  100  to  1800.  An  oblique  view 
was  used  in  all  cases.  The  parameters  of  interest  were  the  extent  and  trend  of  the 
fiber  pullout,  the  condition  of  the  fibers,  and  how  both  related  to  a  given  loading 


condition. 


At  566”C,  the  length  of  fiber  pullout  tended  to  be  constaiit  over  the  etuli'e 
fracture  surface.  The  extent  of  pullout,  however,  varied  directly  with  the  exposure 
time  (T=cycles*time/cycle)  to  which  a  specimen  w'us  exposed  to  the  environment. 
The  longer  the  exposure  time,  the  less  extensive  (shoiter)  tl.e  fiber  pullout  tenued 


to  be.  Figures  52  through  59  show  the  fracture  .>urface.%  in  logical  order  of 


increasing  exposure  time  at  138  and  103  MPa  as  listed  in  Tabic  4. 


Figure  52.  F'racture»{  Surface  at  T=l  156  seconds. 


Figure  53.  Fractured  Surface  at  T=I4I4  seconds. 
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extreme  values  of  hold  time  (0  and  100  seconds)  corresponding  to  each 
combination  of  stress  and  temperature  were  analyze  '  for  a  total  of  eight  eases.  In 
addition,  fibers  at  both  the  edge  and  the  center  of  each  ease  were  analyzed. 
Unlike  the  previously  discussed  fracture  surfaces,  the  SEM  analysis  of  the  fibers 
was  not  conducted  with  respect  to  exposure  time  (although  the  exposure  times  arc 
listed  for  reference). 

It  was  found  that  all  fibers  examined  from  the  566“C  tests  contained  little 
or  no  evidence  of  oxidation.  Only  the  1j8  MPa  tests  showed  any  evidence  of 
damage  from  the  environment.  Figures  68  to  71  illustrate  the  condition  of  the 
fibers  at  the  surface  in  order  of  increasing  hold  lime  for  the  edge  and  center  of 
each  case. 


Figure  68.  Fiber  Condition  for  103  MPa,  0  Second  Hold  (T=425299.s). 
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Figure  71.  Fiber  Condition  for  566*C,  138  MPa,  100  Second  Hold  (T=1414s). 


The  1093  C  tests,  on  the  other  hand,  showed  extensive  damage  to  the 


fibers.  In  addition,  the  damage  done  to  the  fibers  near  the  edge  of  the  fractured 


surface  was  much  greater  than  those  near  the  center.  This  is  consistent  with  the 


macroscopic  analysis  of  the  fractured  surfaces.  The  illustrations  of  the  fibers  at 


1093  C  arc  arranged  in  logical  order  of  increasing  hold  time  for  the  edge  and 


center  of  each  fractured  surface  case  as  shown  in  Figures  72  through  75. 


Additionally,  an  optical  microscopic  analysis  was  performed  on  four  of  the 
specimens— each  representinj;  the  ten  second  hold  specimen  of  one 
tcmpcraturc/sircss  regime  contained  in  Table  4.  It  was  found  uu"  brittle  behavior 
was  prevalent  in  the  high  lemperaiure/low  stress  regime.  This  is  illustrated  by  the 
crack  in  Figures  76  and  77.  The  crack  appears  to  have  a  preferential  direction 
that,  when  magnified  further  in  Figure  77,  reveals  cracking  through  the  fibers. 
This  is  indicative  of  a  fully  embrittled  fiber-matrix  interface.  The  high 
temperature,  high  stress  specimen  shown  in  Figure  78  illustrates  a  combined 


Figure  76.  Preferential  Crack  Propagation,  lOx. 
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behavior  with  a  crack  passing  through  one  fiber  and  arounl  the  next  indicating 
that  the  oxidation  had  not  fully  developed.  Figures  79  and  80  arc  both  from  low 
temperature  tests  and  dJ.splay  no  tendency  for  crack  propagation  through  the 
fibers. 

In  .summary,  the  effect  of  the  environment  appears  to  be  independent  of 
the  hold  time,  while  the  maximum  stre:^:  has  the  effect  of  inducing  more  initial 
dama'^e  which  may  provide  added  paths  for  oxid.Mion  to  occur.  When  arranged  by 
exposo'e  time  at  each  temperature,  fracture  surfaces  illustrate  that  the  extent  of 
fiber  pull-out  decreases  with  increasing  time;  Tlie  exposure  time  groupings  also 


Figure  80.  Lotv  Tcmpcraturc/High  Stress  Non-Brittic  Behavior,  lOOx. 


showed  a  depen<lencc  on  the  maximum  stress  in  that  the  four  high  stress  tests 
produced  a  lower  value  of  exposure  duration  than  the  low  stres.s  tests.  This  is 
probably  due  to  the  initial  damage  caused  by  the  stress  Icvcl-thc  highest  produces 
more  initial  damage  possibly  providing  additional  paths  for  environmental 
damage.  The  highest  tcmiicraturc  produced  the  largest  environmental  effect  with 
the  added  feature  of  increasing  extent  toward  the  center  of  the  fracture  surface 
with  brittle  bchas  ior  around  the  outside.  Additional  evidence  of  brittle  behavior 
was  found  from  examining  the  polished  edges  of  representative  specimens.  It 
was  found  that  the  specimens  exhibiting  brittle  behavior  contained  cracks  that 


propagated  through  the  matrix  and  the  fiber  via  the  oxygenated  interface.  None  of 


V.  Conclusions 


In  this  study,  the  fatigue  behavior  of  SiC-MAS5  ceramic  matrix  composite 
subjected  to  tension-tension  cycling  was  studied  at  two  elevated  temperatures  with 
hold  time.  The  two  elevated  temperatures  were  566®C  and  1093'’C  and  were 
chosen  for  the  purpose  of  direct  comparison  to  previous  fatigue  and  stress  rupture 
studies.  Two  stress  levels- 103  MPa  and  138  MPa  -for  the  fatigue  tests  were 
chosen,  each  inducing  different  levels  of  damage  in  tite  material.  The  hold  time 
occurred  at  the  maximum  stress  in  the  1  hertz  triangular  wave-form  and  varied 
from  0  (a  pure  triangular  wave)  to  100  .seconds  (to  itiducc  a  slgtiificant  fraction  of 
stress  rupture  behavior).  The  combination  of  all  the  test  parameters  resulted  in  a 
series  of  16  tests,  the  results  of  which  were  compiled  in  the  form  of  S-N  (stress 
versus  cycles  to  failure),  S-T  (stress  veisus  exposure  duration),  and  S-S*T  (stress 
versus  urea  under  the  loading  wavc-foiin)  cijr*cs.  Li  addiuon,  ncnnalizcd 
modulu.s,  maximum/minimum  sh^ain,  loop  iiy5>tcrctic  uuu  ICuuin^  Curves 

were  plotted  as  a  function  of  normalized  life.  Sased  on  those  cttrs'cs,  a  hypothesis 

WHS  formed  as  In  the  darm^e  «♦  wort  and  »>ori»d  uFith  fV><» 

—  U.4  II./  Ulk.  4i4VVIII«/*4./4l4h/  Ml  M4M*  III/.,  J  *  M*  M  MU  IMW 

loading  conditions.  Finally,  a  scanning  electron  microscope  (SEM)  was  used  to 
examine  the  fracture  surface  of  each  specimen,  and  thereby  probable  mec.hanisms 
contributing  to  the  failure  were  deduced. 

The  S-N  curves  revealed  that  the  fatigue  life  varied  inversely  with  the 
amount  of  hold  lime  applied  at  the  ma.xinium  stress  in  the  loading  wavc-forni. 
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This  behavior  was  most  pronounced  at  the  higher  temperature,  I093“C.  In  order 
to  isolate  the  environmental  effect  from  that  of  fatigue,  the  data  from  the  S-N 
curves  was  normalized  with  respect  to  exposure  time  at  maximum  stfess  (S-T 
curv'es)  and  a  normalizing  parameter  involving  the  stress  and  exposure  time  (S- 
S*T  curves).  It  was  found  that  the  data  completely  collapsed  to  a  single  curve  at 
566®C  when  the  S-T  normalization  was  applied  implying  that  the  fatigue  life  of 
the  material  at  this  temperature  is  predominantly  a  function  of  exposure  time.  In 
contrast,  the  I093®C  data  did  not  uniformly  coilap.se.  Instead,  tlie  data  at  138  ivIFa 
tended  to  collapse  while  the  data  at  103  MPa  tended  to  remain  spread.  This 
implied  a  combined  effect  from  the  cyclmg  and  the  cnvircnnicni  that  depended  cn 
the  stress  and  the  environment.  The  S-S*T  normalization  had  a  much  smaller 


effect,  and  thus,  the  effect  of  temperature  was  pursued. 

Both  the  rate  and  extent  of  the  modulus  degradation  depended  on  the 
initial  damage  induced  by  the  strcs.s  level,  and  to  a  lesser  extent,  the  hold  time  and 
temperature.  The  damage  (and  hence  the  modulus  degradation)  a  specimen 
experienced  was  directly  related  to  the  proportional  limit  or  “knee”  on  the 
monotonic  tensile  curve  (which  was  a  function  of  lemperaiure).  Cycling  at 
stresses  that  exceeded  thi.s  critical  value  resulted  in  a  rapid  dec.i^ase  in  modu!u.s 
followed  by  a  stabilization  at  the  decreased  value  to  the  point  of  failure.  Damage 
beyond  that  point  was  predominantly  due  to  the  high  temperature  environment  as 
indicated  by  the  S-T  curves.  Cycling  at  a  stress  below  the  critical  value  resulted  in 
a  more  gradual  decrease  in  modulus  to  the  point  of  failure.  Damage  at  this  lower 
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stress  was  due  predominantly  to  the  environment  at  566‘’C  and  a  synergistic 
combination  of  cycling  and  the  environment  at  1093“C.  Hold  time  had  the  effect 
of  further  decreasing  the  modulus  at  the  latter  stages  of  cycling  with  all  other 
parameters  equal-cspccially  at  the  566“C/103  MPa  loading  condition.  In 
addition  the  modulus  of  the  high  temperature,  low  stress  specimens  increased 
slightly  after  the  initial  decrease  indicating  an  effect  of  crack  bridging  debris 
[4]  or  possibly  the  effect  of  the  stiffening  of  the  interfacial  bond  (lOi  caused  by 
oxidation.  Again,  the  stess  and  the  environment  contributed  to  the  failure  of  the 
material  in  differing  proportions  depending  on  the  loading  condition. 

The  loop  hysteretic  energy  followed  the  modulus  trend  in  that  the  greatest 
values  corresponded  to  the  largest  increments  of  modulus  degradation,  llnlike 


some  of  the  moduli,  which  tended  to  increase  over  time,  the  loop  hystcretiC  energy 
decreased  with  increasing  cycle.s  up  to  the  point  of  failure  in  al!  cases.  On  a 
percentage  basis,  an  incremental  increase  in  the  stress  from  a  level  located  below 
the  ‘‘knee’*  to  one  beyond  results  in  a  disproportionate  increase  in  the  loop 
hysteretic  energy.  This  is  due  to  the  added  damage  resulting  from  the  destruction 


of  the  90“  plies.  This  behavior  occurred  at  both  le: 


I  a*  »  V  ro  f* 

Ul  U1  V>i9. 


The  stress  strain  curves  reflected  the  trends  from  the  loop  hysteretic  energy 
data  in  that  large  amounts  of  cyclic  damage  were  represented  by  the  relatively 
large  areas  of  the  hysteresis  loop.  Ln  t.he  high  tcmperature.'high  stress  cases,  the 
traced  area  of  the  hysteresis  loops  remained  relatively  la.'^ge  in  the  absence  of  a 
corresponding  modulus  decrease.  This  was  predominantly  due  to  creep  since  the 
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effect  of  the  environment  was  to  stiffen  the  fiber/matrix  bond  preventing  slippage. 
In  addition,  the  modulus  degradations  wei'c  fcpicsciitcd  by  a  progressive  Secant 
slope  decrease  in  the  curves. 

Creep  behavior  in  some  of  the  specimens  was  indicated  by  the  progrc.ssion 
of  Emin  and  Emax.  Botb  increased  gradually  at  the  same  rate  with  increasing  cycles 


such  that  Emax-Emin  was  Constant.  This  indicated  that  a  permanent  deformation  was 
occurring  within  the  specimen.  The  increasing  strains  were  not  accompanied  by  a 
modulus  decrease  in  the  high  stress  specimens  as  in  the  case  of  cyclic  damage  in 
the  form  of  matrix  cracks.  In  the  case  of  cyclic  damage,  the  value  of  minimum 
strain  remains  relatively  constant  while  the  maximum  strain  increases  with  cycles 
to  the  point  of  failure  in  a  load  controlled  test.  In  addition,  a  continual  modulus 
decrease  is  indicative  of  cyclic  damage  and  was  present  only  initially  at  the 
566“C/103  MPa  loading  condition. 

The  extent  of  fiber  pull-out  on  the  fracture  surfaces  was  a  function  of  botb 
the  exposure  time  and  the  temperature.  The  extent  of  fiber  puli-out  varied 
inversely  with  the  exposure  time  at  a  constant  temperature.  An  inerea.sing  stress 
level  had  the  effect  of  reducing  the  cycles  (and  the  exposure  tioie)  at  failure 
decreasing  the  damage  due  to  oxidation.  This  was  indicated  by  the  more 
extensive  fiber  pull-out  at  the  higher  stress  level.  The  stress  level  also  had  the 


effect  of  inducing  an  amount  of  initial  damage. 


^  M  ^ 

i  1115  15  ICIICCICU  111  me  idCl  Uldl,  ill 


a  constant  temperature,  all  the  higher  .sfre.s.s  specimens 


ih;iuic  uic  luwci 


stress  specimens  independent  of  the  hold  time.  Ln  addition,  all 
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temperature,  high  stress  specimens  exhibited  a  fracture  surface  with  brittle 
behavior  around  the  edges  and  extensive  pull-out  toward  tlte  center.  Tills  was  a 
result  of  the  environment  penetrating  the  outer  edges  of  the  mateiial  and  causing 
extensive  oxidation.  The  fibers  so  located  failed  in  brittle  fashion  at  the  surface 
effectively  decreasing  the  cross-sectional  area  until  catastrophic  failure  occurred. 
Finally,  The  high  temperature  tests  di.splayed  the  greatest  extremes  of  fiber 
pullout.  This  was  due  to  the  accelerated  damage  caused  by  a  synergistic  effect  of 
the  cycling  combined  with  the  environment.  This  caused  the  high  exposure 
duration.1ow  stress  specimens  to  fail  in  a  predominantly  brittle  fashion  and  tlie 
low  exposure  duration/high  stress  specimens  to  fail  in  a  bntuc  fashion  at  the  edges 
and  in  a  non-brittle  fashion  at  the  center. 
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Appendix  A:  BASIC  Program 


Basic  Program  to  Correct  Load  Versus  Displacement 
to  Reflect  Stress  Versus  Strain 


DIM  X(2000),  Y(2000),  XL(2000),  YL(2000),  XU(2000),  YU(2000) 

INPUT  "ENTER  DATA  FILE  (INCLUDING  PATH)  TO  BE  MODIFIED  TO 
RERECT  STRESS  VS  STRAIN";  FS 

INPUT  "ENTER  NUMBER  OF  DATA  POINTS  TO  BE  READ";  NUM 
INPUT  "ENTER  AREA  OF  THE  SPECIMEN  (square  inches)";  AREA 
INPUr  "ENTER  GAUGE  LENGTH  OF  EXTENSOMETER";  L 

OPEN  FS  FOR  INPUT  AS  #  1 
FOR  I  =  I  TO  NUM 
IFIOGOTOlO 
INPUT#I,X(1),Y(I) 

X(I)  =  X(I)*  1 /L 
Y(I)-Y(I)*  1 /AREA 
10  NEXT 
CLOSE #1 

INPUT  "ENTER  THE  DATA  FILE  (INCLUDING  PATH)  TO  SAVE  LOADING 
DATA  UNDER";  SSLS 

OPEN  SSLS  FOR  OUTPUT  AS  #2 
FOR  J  =  4  TO  (NUM  -  500)  STEP  4 
XL(J)  =  X(J) 

Ym)  =  Y(J) 

WRITE  n,  XL(J),  VL(J) 

NEXT 

CLOSE#2 

INPUT  "ENTER  THE  DATA  Fn.E  (INCLUDING  PArH)  TO  SAVE 
UNLO/VDLNG  DATA  UNDER";  SSUS 
OPEN  SSUS  FOR  OUTPUT  AS  #3 
FOR  K  =  (NUM  -  500)  TO  NIM  STEP  4 
XU(K)  =  X(K) 

YU(K)  =  Y(K) 

WRITE  #3,  XU(K),  YU(K) 

NEXT 
CLOSE  #3 
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